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/Abstract: *'P nuclear magnetic resonance (NMR) spectro-
scopic measurement with trimethylphosphine oxide (TMPO)
was applied to evaluate the Lewis acid catalysis of various
metal triflates in water. The original *'P NMR chemical shift
and line width of TMPO is changed by the direct interaction
of TMPO molecules with the Lewis acid sites of metal tri-
flates. [Sc(OTf);] and [In(OTf);] had larger changes in *'P
chemical shift and line width by formation of the Lewis
acid-TMPO complex than other metal triflates. It originates
from the strong interaction between the Lewis acid and
TMPO, which results in higher stability of [Sc(OTf);TMPO]

-

and [In(OTf);TMPO] complexes than other metal triflate—\

TMPO complexes. The catalytic activities of [Sc(OTf);] and
[In(OTf);] for Lewis acid-catalyzed reactions with carbonyl
compounds in water were far superior to the other metal tri-
flates, which indicates that the high stability of metal tri-
flate-carbonyl compound complexes cause high catalytic
performance for these reactions. Density functional theory
(DFT) calculation suggests that low LUMO levels of [Sc(OTf),]
and [In(OTf);] would be responsible for the formation of
stable coordination intermediate with nucleophilic reactant
in water.
/

Introduction

Lewis acids, represented by AICl;, BF;, and SnCl, involve
a metal center as an electron pair acceptor that accepts the
electron pair from a nucleophile," and are effective catalysts
for carbon-carbon bond-forming reactions in organic sol-
vents.? Lewis acids are essential catalysts used for the produc-
tion of indispensable chemicals, including polymers, medicines,
and agricultural chemicals. However, the rationale for the reac-
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tivity of Lewis acids has remained vague: Lewis acid catalysis,
due to both the energy levels of the highest occupied molecu-
lar orbital (HOMO) of the reactant (nucleophile) and the lowest
unoccupied molecular orbital (LUMO) of the Lewis acid (elec-
trophile),”" is more complicated than that for Brgnsted acids,
which can be discussed with respect to acid strength, such as
the Hammett acidity function, H,. Although most Lewis acids
are decomposed or deactivated in water, metal trifluorometha-
nesulfonates (triflates) ([M(OTf),]; M: metal center, OTf: —
OSO,CF;) are well known as the few exceptions that function
in water for various reactions, including the Mukaiyama aldol
condensation of various carbonyl compounds with silyl enol
ethers.®# [Sc(OTf);] and scandium tris(dodecylsulfate) exhibit
particularly high catalytic performance for the Mukaiyama
aldol condensation, Mannich-type reaction, Friedel-Crafts alky-
lation, and allylation reactions as water-compatible Lewis acid
catalysts.”! These homogeneous Lewis acids can activate the
carbonyl group of a reactant even in water; electrophilic attack
of the evolved carbocation intermediate then results in the de-
sired product of these reactions.” Although a wide variety of
metal triflates have been recognized as active Lewis acid cata-
lysts in water,””) the catalytic performance of these metal tri-
flates is strongly dependent on the metal species. Kobayashi
et al. reported that the catalytic activities of many metal chlor-
ides, perchlorides, and triflates for the Mukaiyama-aldol reac-
tion are related to their hydrolysis constants (pK,) and water
exchange rate constants (WERC).”” The hydrolysis constant re-
flects the stability of metal salts in water; metal salts with
small pK,, are easily decomposed in water into the correspond-
ing metal hydroxides, whereas metal salts with large pK;, exhib-
it less interaction with electrophilic molecules, including water,
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which results in no catalytic activity. In addition, the WERC is
an important factor that characterizes the Lewis acid catalytic
activity. A Lewis acid with a large WERC value can facilitate the
exchange of water molecules and hydrate the Lewis acid for
other nucleophilic molecules, including reactants with carbonyl
groups, and can thereby exhibit high catalytic activity. Tsuruta
et al. reported that the catalytic activities of rare-earth metal
triflates are also dependent on their competitive dissociation
intensity, which was evaluated by using tandem mass spectros-
copy.”! In addtion, Wang et al. suggested that the metal triflate
including the smaller metallic cation radius results in higher
catalytic performance for sugar conversion due to the stronger
interaction between metal cations and substrates.”? Although
catalysis with these Lewis acids can be comprehensively dis-
cussed using these factors, they do not provide information on
the direct interaction of Lewis acid sites with nucleophilic mol-
ecules in water.

In this study, the correlation of Lewis acidity with catalytic
activity for some metal triflates in water was investigated by
using *'P nuclear magnetic resonance (NMR) spectroscopy with
trimethylphosphine oxide (TMPO) as a basic probe molecule.
3P NMR Spectroscopic measurements with trimethylphosphine
(TMP) and TMPO have been widely applied to characterization
of the type of acid (Brgnsted and Lewis) and the strength of
acid sites on solid surfaces."” The 100% natural abundance of
3P and a large chemical shift range over 430 ppm gives the
3P NMR spectroscopic technique a clear advantage over 'H
and "*C NMR spectroscopy for the characterization of solid acid
catalysts with small acid site density."" Highly sensitive TMP is
generally applicable to the characterization of Lewis acidity;
however, TMP adsorbed on a solid surface is easily oxidized
into TMPO, even in the presence of a small amount of oxidant,
such as O,. In addition, evaluation of Lewis acidity with TMP is
only reliable for Lewis acids with the same metal center."””
Yang etal. applied liquid-state *'P NMR spectroscopy with
TMPO to evaluate the acid strength of various homogeneous
Bransted acid catalysts and revealed that the *'P NMR chemical
shift of TMPO reflects the Brgnsted acid strength."® TMPO is
also expected to be an excellent probe molecule for evaluation
of the Lewis acidity of metal triflates in water. The formation of
a TMPO-Lewis acid complex is based on coordination of the
oxygen atom on TMPO with the metal species in the Lewis
acid. The phosphoryl group in TMPO is similar to the carbonyl
group in various reactants, so that 3'P NMR spectroscopy for
a TMPO-coordinated Lewis acid would reflect the Lewis acid
catalysis for carbonyl compounds. Here, various metal triflates
with TMPO in water were examined using *'P NMR spectrosco-
py, and the correlation of Lewis acidity with the catalytic activi-
ty for the hydride transfer of pyruvic aldehyde into lactic acid
and the allylation of benzaldehyde with tetraallyl tin in water is
discussed.
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Results and Discussion

Catalytic activity of metal triflates

The catalytic activity of various metal triflates was examined
for the hydride transfer of pyruvic aldehyde into lactic acid and
the allylation of benzaldehyde with tetraallyl tin in water. The
former is a key reaction for the conversion of 1.3-dihydroxyace-
tone and glyceraldehyde into lactic acid,"*'® because 1,3-dihy-
droxyacetone and glyceraldehyde are oxidative products de-
rived from glycerol, a byproduct of the oil and fat industry."
Lewis acids have been reported as effective catalysts for the
hydride transfer of glucose into fructose and pyruvic aldehyde
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Figure 1. a) Time course for lactic acid formation over metal triflate catalysts
at 383 K; b) Arrhenius plot for lactic acid formation with metal triflates in the
temperature range of 323-403 K. Reaction conditions: Catalyst (0.1 mmol),
0.1 M aqueous pyruvic aldehyde (2.0 mL).
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into lactic acid in water through the Meerwein—-Ponndorf-
Verley (MPV) reduction mechanism.?>?" Figure 1 (a) shows time
courses for the lactic acid yield from pyruvic aldehyde over var-
ious metal triflates at 383 K. Lactic acid was not produced
without an acid catalyst and Brgnsted acids exhibit much
poorer catalytic performance than water-tolerant Lewis acid
catalysts, including metal triflates, at 383 K2V [Sc(OTf);] and
[In(OTf);] effectively convert pyruvic aldehyde into lactic acid,
even in water; the lactic acid yields of these catalysts exceed
85% within 1 h. In contrast, [Lu(OTf),], [Y(OTf),], [La(OTf)], and
[Zn(OTf),] exhibit only moderate activity for the reaction, and
the lactic acid yields with these triflates are only 10-35% after
1 h. Figure 1(b) shows Arrhenius plots and apparent activation
energies (E,) for lactic acid formation with each triflate. The for-
mation rates of lactic acid in the early stage of the reaction
(yield <30%) and at various temperatures (323-403 K) were
used for E, estimation. Activation energies for [Sc(OTf);] and
[In(OTf);] were estimated to be 97 and 98 kJmol~', respectively,
which is smaller than other metal triflates. Therefore, the high
catalytic performance of [Sc(OTf);] and [In(OTf);] is due to the
low activation energies for the formation of lactic acid.

This catalytic tendency was also observed for the allylation
of benzaldehyde with tetraallyl tin in water (Figure 2).*? The
yield of 4-phenyl-1-buten-4-ol over various metal triflates is
shown in Figure 2. The reaction proceeded even in the ab-
sence of an acid catalyst with a yield of about 20% at 303 K
for 1 h. Both [Sc(OTf);] and [In(OTf);] also exhibit high catalytic
performance for this reaction with yields of 4-phenyl-1-buten-
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Figure 2. Catalytic activities of metal triflates for the allylation of benzalde-
hyde with tetraallyl tin in water. Reaction conditions: Catalyst (0.025 mmol),
benzaldehyde (0.94 mmol), tetraallyl tin (0.64 mmol), sodium dodecyl sulfate
(19.2 mg), water (5 mL), T=303 K, and a reaction time of 1 h.
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4-0l that reached 90-95% at 1 h, whereas [Y(OTf);], [Lu(OTf),],
[La(OTf);]1, and [Zn(OTf),] afforded product yields of only 20-
30%. Taking the results of the blank experiment (without a cat-
alyst) into account, the tested triflates, with the exception of
[Sc(OTf);] and [In(OTf),], are deemed as ineffective catalysts for
this reaction. These results demonstrate that [Sc(OTf);] and
[In(OTf),] surpass other triflates in the hydride transfer of pyr-
uvic aldehyde into lactic acid and the allylation of benzalde-
hyde with tetraallyl tin in water. The high catalytic activity of
the scandium and indium complexes has also been reported
for other reactions with various carbonyl compounds in
water.®>?! Therefore, the specificity of the S and In*" sites
in metal triflates for the carbonyl compounds contributes to
enhance these Lewis acid-catalyzed reactions.

NMR spectroscopic measurement for TMPO-Lewis acid ad-
ducts in water

The Lewis acid properties of these metal triflates were evaluat-
ed by using *'P NMR spectroscopy with TMPO as a basic probe
molecule. Activation of a reactant by a Lewis acid is closely re-
lated to the energy level of the highest occupied molecular or-
bital (HOMO) of the reactant (nucleophile) and the lowest un-
occupied molecular orbital (LUMO) of the Lewis acid (electro-
phile)." Thus, a small HOMO/LUMO energy gap means that
the nucleophile reacts easily with the Lewis acid to form
a stable Lewis acid-nucleophile complex. Density functional
theory (DFT) calculations indicated that TMPO has a similar
HOMO energy level (—7.2eV) to those of benzaldehyde
(—7.3 eV) and monohydrated pyruvic aldehyde (—7.2eV), as
shown by the energy diagram in Figure 3(a). In addition, the
electrons in the HOMO of TMPO are located on the O 2p orbi-
tal of the phosphoryl group (Figure 3(b)()) as well as the

(@)

2 -

Energy /eV

-10 4

U] (ii) (iii) (iv)

Figure 3. a) HOMO and LUMO energy diagrams for i) TMPO, i) monohydrat-
ed pyruvic aldehyde, iii) benzaldehyde, and iv) water; b) Schematic structure
of the HOMOs for i) TMPO, i) monohydrated pyruvic aldehyde, and iii) ben-
zaldehyde.
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HOMO of benzaldehyde and monohydrated pyruvic aldehyde
(Figure 3(b) (i) and (iii)). Such an electronic analogy among
TMPO, benzaldehyde, and pyruvic aldehyde indicates that
TMPO is a suitable probe molecule for the evaluation of Lewis
acid catalysis for these reactions. It should be noted that these
substrates, including TMPO, have higher HOMO energies than
H,O (—8.8 eV), which suggests that the Lewis acids react with
these molecules in preference to H,0.

Figure 4 shows *'P NMR spectra for TMPO/D,0 solutions
with various [Sc(OTf);] contents. The intrinsic >'P chemical shift
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Figure 4. °'P NMR spectroscopic measurement of TMPO/D,0 solution

(0.25 ™) in the presence of various [Sc(OTf);] concentrations. Spectrum A:
without [Sc(OTf);], and spectra B—F show [Sc(OTf);]/TMPO ratios of B: 1:2;
C:1:1; D:2:1; E: 4:1; and F: 8:1.

of TMPO in D,O solution appears at d=53.5 ppm (Figure 4,
spectrum A), which is assigned to TMPO interaction with water
molecules. After the addition of [Sc(OTf);] to the aqueous
TMPO solution ([Sc(OTf);]/TMPO = 1:2), a resonance peak is ob-
served at 0 =62.5 ppm (Figure 4, spectrum B). This can be ex-
plained solely by the formation of the [Sc(OTf);TMPQO] complex,
which is in equilibrium with hydrous TMPO. The single *'P NMR
spectroscopic peak suggests that the exchange between
[Sc(OTf);] and D,0 to TMPO proceeds in solution according to
the reaction shown in Figure 4. In this case, the peak position
of TMPO (£2,..,) is given by the formula with the two chemical
shifts shown in the following Equation, in which [1]., [2],, and
Q9, Q5 are the equilibrium concentrations and original chemi-
cal shifts of species 1 and 2, respectively.?”

[1]eq€2] + [2]eq 25

Qo =
pect [Nea+[2leq

Chem. Eur. J. 2014, 20, 8068 — 8075 www.chemeurj.org

8071

CHEMISTRY

A European Journal

Full Paper

The change in chemical shift reflects the change in the equi-
librium between these two complexes (Figure 4). The peak po-
sition of TMPO continuously shifts to a lower magnetic field
with increase in the [Sc(OTf);] content. A large downfield
chemical shift reflects a significant change in the equilibrium
between these two complexes and indicates that most of the
TMPO interacts with [Sc(OTf);] to form the [Sc(OTf);TMPO]
complex.

Similar 3'P NMR spectroscopic measurements were per-
formed for the other metal triflates with various metal triflate/
TMPO molar ratios, and the peak positions of the TMPO signals
are summarized in Figure 5. The tested metal triflates are

68
66 |-
—=— [Sc(OTH),]
64 —e— [In(OTH),]
£ & —A— [Lu(OTf),]
g —¥— [Y(OTf)]
< 6o —&— [La(OTH),]
—e— [Zn(OT),]
58
56
54

0.0 ‘ 1.0 l 2.0 ‘ 3.0 4.0 5.0 6.0 7.0 8.0
Molar ratio (M(OTf), /TMPO)

Figure 5. Dependence of TMPO chemical shift in *'P NMR spectra on metal
triflate/TMPO ratios.

roughly classified into two groups; [Sc(OTf);] and [In(OTf),],
and the other triflates. [Lu(OTf);], [Y(OTf),l, [La(OTf);], and
[Zn(OTf),] exhibit small changes in *'P chemical shift and have
the TMPO peak at 6 =54.4, 54.3, 53.7, and 53.7 ppm, respec-
tively (metal triflate/TMPO ratio of 1:1). Although the small
change in *'P chemical shift indicates weak interaction of the
Lewis acid center with TMPO, it also means that TMPO on
these metal triflates is easily replaced with D,0O in solution. As
a result, most TMPO molecules are present in the hydrous
form, even at high metal triflate concentrations. In contrast,
the TMPO signals for [Sc(OTf);] and [In(OTf);] are significantly
shifted downfield, even with low triflate concentrations
(Figure 4 and the Supporting Information, Figure S1a). The
TMPO signals for [Sc(OTf);] and [In(OTf);] appear at 6 =64.5
and 62.7 ppm (metal triflate/TMPO ratio of 1:1) and finally
reach 0 =66.4 and 66.7 ppm (metal triflate/TMPO ratio of 8:1),
respectively. This large change in the *'P chemical shift is de-
rived mainly from the strong affinity of these triflates toward
TMPO, even at low concentrations.

It should be noted that the line width of the TMPO reso-
nance in the *P NMR spectra is largely dependent on the
metal triflate/TMPO ratio. Although the change in chemical

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) *'P NMR spectra of TMPO/D,0 solution (0.25 m) in the presence of dilute [Sc(OTf);] concentrations.
Spectrum A: without [Sc(OTf);], and spectra B-D with triflate/TMPO ratios of B: 1:16, C: 1:8, and D: 1:4; b) experi-
mental and simulated *'P NMR spectra for a [Sc(OTf);]/TMPO ratio of 1:8. The simulated parameters are as follows;
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Here, k,, and k5, are apparent
rate constants that correspond
to the ligand exchange rate.
Further increase in the [Sc(OTf);]
concentration results in a single
resonance peak at around 0=
65 ppm (Figure 4), which indi-
cates that most TMPO mole-
cules interact with introduced
[Sc(OTf);] to form stable [Sc-
(OTf);TMPO] complexes. These
3'P NMR spectra with chemical
exchange can be simulated ac-
cording to the chemical shift,
peak intensity and ligand ex-
change rate.” There is no sig-
nificant  difference  between
the 3P NMR spectrum in Fig-
ure 6(a), spectrum C, and that
simulated at 6, =62.5 ppm, d,=
53.5 ppm, p; (peak intensity of
0,)=0.28, p, (peak intensity of

0,=62.5 ppm, 6,=53.5 ppm, p, =0.28, p,=0.72 and k;,=2070 5" (k; =80557").

shift reflects the presence of the metal triflate-TMPO complex,
the line width provides information regarding the exchange
rates at micro- to millisecond timescale between metal triflate—
TMPO and hydrous TMPO. The *'P NMR spectra for the TMPO/
D,O solution at lower [Sc(OTf);] concentrations are shown in
Figure 6(a). Hydrous TMPO has an intense and sharp reso-
nance at 0 =53.5 ppm, as shown in Figure 6(a), spectrum A. A
small increase in the [Sc(OTf);] concentration of the TMPO/D,0
solution ([Sc(OTf);l/TMPO=1:16) results in the appearance of
two broad signals at around d=50-55 and 60-65 ppm (Fig-
ure 6(a), spectrum B). The former and latter signals are assigna-
ble to hydrous TMPO and the [Sc(OTf);TMPQ] complex, respec-
tively, and the intensity of the latter signal increases with the
[Sc(OTf);] concentration. The line widths of both resonance
peaks become broader with an increase in the [Sc(OTf);] con-
centration. TMPO molecules have interaction with D,O in solu-
tion to form the hydrous state at such low [Sc(OTf);] concen-
trations; therefore, the broad TMPO resonance can be attribut-
ed to the slow exchange rate between [Sc(OTf);TMPO] and hy-
drous TMPO. The exchange rates (v,,, v,,) are given for the fol-
lowing exchange equilibrium:

[(TMPO),,(OTf),] + n[H,0] == [(TMPO),,(H,0),] +

Va1

[M(OTF),]

Vip = k?z[{M(OTf)x}(TMPO)m}[Hzo]n = klz[{M(OTf)x}(TMPo)m]
(1)

Vo = kg1 [(TMPO)m(HZO)n] [M(OTf)x} = ky [(TMPO)m(HZO)n}
(2)
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0,)=0.72, k,;,=2070s"' and
ky,,=805s"", respectively (Fig-
ure 6(b)). Such small k;, and k,,
reflects the slow substitution of
D,0 for [Sc(OTf);] on TMPO,242*!
in which 28% of the TMPO molecules form [Sc(OTf);TMPO] ad-
ducts, even at low [Sc(OTf);] concentrations.

The exchange rates of TMPO are also affected by tempera-
ture. Figure 7(a) shows *'PNMR spectra for TMPO with
[Sc(OTf);] in D,O ([Sc(OTf;l/TMPO=1:4) at 278-303 K. The
broad and weak signals at d=63.4 and 54.8 ppm assigned to
[Sc(OTf);TMPO] and hydrous TMPO, respectively, become sharp
and intense with decreasing temperature from 303 to 278 K.
The exchange rates of k;, and k,,; were estimated to be 720
and 665 s, respectively, from the *'P NMR spectrum at 278 K
(Figure 7 (a), spectrum A). This directly indicates that the in-
crease in the line widths of the two TMPO resonances is due
to slow exchange between [Sc(OTf);] and D,O on TMPO.

The same experiment was performed for [In(OTf);]. Fig-
ure 7(b) shows *'P NMR spectra for TMPO with [In(OTf);] in
D,0O solution ([In(OTf);l/TMPO=1:2) at 278-303 K. One broad
resonance is observed at 303 K, which gradually splits into two
signals (0 =66.0 and 55.0 ppm) with decrease of the tempera-
ture. The k;, and k,, exchange rates at 278 K were calculated
as 2800 and 1575 s™', respectively. The exchange of TMPO for
D,0 in the presence of [In(OTf)] is also slow, as with [Sc(OTf)].
In contrast, the *'P NMR spectroscopic signals of TMPO on the
other metal triflates ([Y(OTf),], [Lu(OTf);], [La(OTf);], and
[Zn(OTf),]) have sharp and single resonances at various metal
triflate concentrations, as shown in Figure S1b-e (the Support-
ing Information), which indicates much faster chemical ex-
change rates between TMPO and D,0 than those for [Sc(OTf);]
and [In(OTf);]. The peak widths indicate that these metal tri-
flates, except [Sc(OTf);] and [In(OTf);], undergo chemical ex-
change at rates above 10°s™', which is much higher than

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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after optimization of the metal
triflate hydrates based on their
A crystal structures as model com-
pounds. Trivalent cations in
metal triflates have been report-
ed to be stabilized in water
with seven to nine water mole-
cules to form a fully coordinat-
ed hydrated metal triflate com-
c plex, the structure of which is
similar to the corresponding
metal triflate hydrate crystals
(Figure S7, the Supporting Infor-
b mation).?*?”" Figure 8(a) shows
orbital energy diagrams for the
Fermi energy regions of six
E metal triflates. The LUMO ener-
gies of [Sc(OTf);] and [In(OTf),]
were calculated to be —2.9 and

1 " 1 " 1 n 1

80 75 70 65 60 55 50 45
Se/ppm

Figure 7. *'P NMR spectra for TMPO/D,0 solution with a) [Sc(OTf);] ([Sc(OTf;)/TMPO = 1:4) and b) [In(OTf),]
([In(OTf);//TMPO=1:2) at A: 278, C: 283, D: 293, and E: 303 K. Spectrum B is a simulated spectra of A to determine
the exchange rates for the two TMPO species (Figure 4). Each parameter was calculated as follows:

) 0,=63.5 ppm, 8,=54.2 ppm, p, =0.48, p,=0.52 and k,,=720 s (k,;=665s"") and ii) ,=66.0 ppm,

,=55.0 ppm, p, =0.36, p,=0.64 and k,,=2800s"" (k,;=1575s7").

those for [Sc(OTf);] and [In(OTf),]. This is due to the weak coor-
dination of TMPO with the Lewis acid center in water. In addi-
tion, the broad resonances of the TMPO signal are not ob-
served when using Bregnsted acid catalysts instead."” The
chemical exchange rates between TMPO and D,0 over
[Sc(OTf);] and [In(OTf),] are therefore much slower than those
on the other tested metal triflates due to the strong Lewis
acidity of the metal center. These specific properties of
[Sc(OTf);] and [In(OTf);] in water are the main contributing fac-
tors to the high catalytic performance for reactions that in-
volve carbonyl compounds. The above correlation of catalytic
activity with *'P NMR chemical shifts and spectral shape was
also confirmed in metal chlorides such as AlCl;, ScCl;, YCI;, and
LaCl; (Figure S4, the Supporting Information). AICl; and ScCl;
with strong interaction with TMPO exhibited much higher cat-
alytic performance than YCl; and LaCl,.

Quantum chemical calculation of metal triflate-TMPO com-
plexes

The HOMO level of the reactant (nucleophile) and the LUMO
level of the Lewis acid (electrophile) are responsible for activa-
tion of the reactant with the Lewis acid. The specific proper-
ties of [Sc(OTf);] and [In(OTf)], that is, the high catalytic per-
formance and slow exchange rate between H,O and reactant
over triflates with strong affinity for the reactants, are therefore
expected to be due to the LUMO levels of these triflates. To
clarify the difference between the high and low catalytic per-
formances among the tested metal triflates, the LUMO ener-
gies of the metal triflates were estimated by DFT calculations
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5,/ppm —3.1 eV, respectively, which are
considerably lower than the
other metal triflates (—1.4, —1.5,
—1.6, and —1.7 eV for [Lu(OTf),],
[Y(OTf),], [La(OTf),], and
[Zn(OTf),], respectively). The
LUMOs of [Sc(OTf);]-9H,0 and
[In(OTf);]-9H,0 are mainly com-
posed of the outermost shell of each metal cation, as shown in
Figure 8 (b); the Sc 3d orbital of [Sc(OTf);]-9H,0 and the In 5s
orbital of [In(OTf);]-:9H,0. Therefore, [Sc(OTf);]-9H,0 and [In-
(OTf);]-9H,0 act as effective acceptors of electrons from car-
bonyl oxygen. It is expected from these estimations that
[Sc(OTf);] and [In(OTf);] have smaller energy gaps (AE) between
the LUMO of the metal triflate and the HOMO of the nucleo-
phile than the other metal triflates examined here, which sug-
gests that [Sc(OTf);] and [In(OTf);] can form more stable nucle-
ophile-Lewis acid complexes in water.

The complexation energies of metal triflate-TMPO and
metal triflate-monohydrated pyruvic aldehyde complexes
(AE), and the interatomic distances between the metal cation
and phosphoryl or carbonyl oxygen (Ryo) were also evaluated
with respect to DFT calculations. Also in these calculations, it
was demonstrated that [Sc(OTf);] and [In(OTf),] are capable of
forming much more stable complexes with TMPO and pyruvic
aldehyde than other metal triflates (Table S1, the Supporting
Information). Thus, strong interaction between the metal
cation and the carbonyl oxygen is necessary for effective elec-
tron donation from the carbonyl substrate to the Lewis acid
catalyst.

Conclusion

Changes in the *'P NMR chemical shift and line width of
TMPO-Lewis acid complexes in water are effective for evalua-
tion of the catalytic performance of water-tolerant Lewis acids
for reactions involving carbonyl groups in water. The higher
catalytic performance of [Sc(OTf);] and [In(OTf);] compared

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) HOMO and LUMO energy diagrams for i) [Sc(OTf);]-9H,0, i) [In-
(OT);1:9H,0, iii) [Lu(OTf);]:9H,0, iv) [Y(OTf);]-9H,0, v) [La(OTf);]-9H,0, and

vi) [Zn(OTf),]-6 H,0; b) schematic structure of the LUMOs for i) [Sc(OTf);]-9H,0
and ii) [In(OTf);]:9H,0. The central atoms of i) and i) are Sc and In, respec-
tively.

with the other triflates examined here is due to the formation
of stable nucleophile-Lewis acid complexes in water, resulting
in the considerably slow reactant-water exchange of [Sc(OTf),]
and [In(OTf);] (Figure 9). The low LUMO energies of [Sc(OTf);]
and [In(OTf);] estimated by DFT calculations supported the
conclusions made from 3'P NMR spectroscopic measurements
with TMPO. Efficient activation of carbonyl groups in the reac-

lactic acid
pyruvic aldehyde 0

[Sc(0Tf);]
[In(OTf);]

slow exchange
k=10%s™"

Figure 9. Schematic image of the correlation between pyruvic aldehyde and
TMPO over [Sc(OTf);] and [In(OTf);] catalysts.
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tant by the Lewis acid is important to achieve high catalytic
performance for Lewis acid-catalyzed reactions.

Experimental Section
Materials

[Sc(OThs], [IN(OTH], [Lu(OT;], [Y(OTH;], [La(OTh);], and [Zn(OTH),]
were obtained from Aldrich. Prior to NMR spectroscopic measure-
ments and catalytic reaction experiments, the metal triflates were
dehydrated at 423 K for 3 h under vacuum to remove physisorbed
water. AICI; (High Purity Materials), [ScCl;]-6H,0 (Strem Chemicals
Inc.), YCI; (Strem Chemicals Inc.) and [LaCl;]-7 H,O (Wako) were also
tested as received.

Catalytic reactions

Catalytic reactions with the metal triflates were tested through the
hydride transfer of pyruvic aldehyde into lactic acid and the allyla-
tion of benzaldehyde with tetraallyl tin in water. The former reac-
tion was conducted by heating a sealed Pyrex tube containing
a mixture of catalyst (0.1 mmol) and 0.1 M aqueous pyruvic alde-
hyde (2.0 mL) at 323-403 K. The reactant solutions were analyzed
by using high performance liquid chromatography (HPLC) with a re-
fractive index (RI) detector. For the allylation of benzaldehyde with
tetraallyl tin in water, a mixture of catalyst (0.025 mmol), benzalde-
hyde (0.94 mmol), tetraallyl tin (0.64 mmol), sodium dodecyl sulfate
(19.2 mg), and water (5 mL) was kept at 303 K for 1 h. Sodium do-
decyl sulfate was used as a surfactant that solubilizes hydrophobic
organic reactants and forms an emulsion in water. The product
was extracted from solution with ethyl acetate and analyzed by
using gas chromatography (GC).

NMR spectroscopic measurements

The interaction of Lewis acids with TMPO in water was evaluated
by using *'P NMR spectroscopy (Bruker AVANCE Il 400) at reso-
nance frequencies of 400.1 and 162.0 MHz for 'H and *'P, respec-
tively. Each catalyst was dissolved in a solution of TMPO/D,O
(0.25m). The Lewis acidities of the metal triflates were compared
according to the chemical shift and line width of the NMR spectral
peaks. *'P NMR spectroscopic measurements were performed at
303 K under 'H decoupling to remove the influence of 'H->'P spin-
spin coupling. The number of scans and recycle delay were set at
32 and 128 times and 5 s, respectively. The *'P chemical shift was
referenced using the 0.25m TMPO/D,0 solution at 53.50 ppm as
an external standard relative to 85% H;PO, aq. at 6 =0 ppm.

Quantum chemical calculations

All calculations were performed with the B3LYP density function-
al,?® as implemented in the Gaussian 09 software.”” Calculations
for TMPO, monohydrated pyruvic aldehyde, benzaldehyde and
water, were conducted using 6-311+G(d,p) basis set. In the calcu-
lations of metal complexes, the structure of the metal triflates in-
volving trivalent cations (SA*, In**, Lu**, Y3, and La**) were ref-
erenced to a single molecular unit extracted from the crystal struc-
ture of [Sc(OTf);]-9H,0.2¢ After the optimization of [Sc(OTf);]-9H,0,
the metal cation was changed from Sc* to In**, Lu®", Y3*, or La®*
and each metal triflate hydrate was optimized again. The structure
of [Zn(OTf),] was also optimized based on a molecular unit extract-
ed from the crystal structure of [Zn(OTf),] 6H,0.5” The complexes
of metal triflate-TMPO and metal triflate—-monohydrated pyruvic al-
dehyde were also calculated after placing a TMPO and monohy-
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drated pyruvic aldehyde molecule in the vacant space of the opti-
mized metal triflate hydrate. Calculations of the metal triflates and
triflate complexes were performed with the CEP-121GE"Y and 6-
311+ G(d,p) basis sets for the metal cation and other atoms, re-
spectively. Contour maps for the HOMOs and LUMOs were con-
structed by using the GaussView software.®?
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